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A highly conserved DNA initiator (Inr) element has been the only core promoter element described in the
divergent unicellular eukaryote Trichomonas vaginalis, although genome analyses reveal that only ~75% of
protein-coding genes appear to contain an Inr. In search of another core promoter element(s), a nonredundant
database containing 5’ untranslated regions of expressed 7. vaginalis genes was searched for overrepresented
DNA motifs and known eukaryotic core promoter elements. In addition to identifying the Inr, two elements that
lack sequence similarity to the known protein-coding gene core promoter, motif 3 (M3) and motif 5 (MS5), were
identified. Mutational and functional analyses demonstrate that both are novel core promoter elements. M3
[(A/G/T)(A/G)C(G/C)G(T/C)T(T/A/G)] resembles a Myb recognition element (MRE) and is bound specifically
by a unique protein with a Myb-like DNA binding domain. The M5 element (CCTTT) overlaps the transcrip-
tion start site and replaces the Inr as an alternative, gene-specific initiator element. Transcription specifically
initiates at the second cytosine within M5, in contrast to characteristic initiation by RNA polymerase II at an
adenosine. In promoters that combine M3 with either MS5 or Inr, transcription initiation is regulated by the M3

motif.

The response to environmental and developmental cues is
frequently orchestrated by changes in gene transcription. Pro-
cesses ranging from chromatin remodeling to the precise se-
lection of the transcription start site (TSS) must be coordi-
nated to determine whether a gene is expressed or silent.
Discrete DNA motifs play critical roles in regulating the ex-
pression of protein-coding genes, which are transcribed by
RNA polymerase II in eukaryotes (8, 23, 32, 59, 65). Many
motifs act as enhancer and repressor elements and are often
located 100s of base pairs upstream of the TSS. Different
activator and repressor complexes recognize these distal motifs
and act to modulate the level of expression. Other motifs,
known as core promoter elements, are in close proximity to the
TSS and are required for the assembly of the RNA polymerase
II preinitiation complex (PIC). Core promoter elements con-
trol the selection of the TSS and basal transcription of all
protein-coding genes (23, 32, 39, 55, 59).

An array of core promoter elements that direct accurate
initiation of transcription at the TSS have been identified in
metazoans and include the TATA box, the initiator (Inr) ele-
ment, the transcription factor;; B (TFIIB), recognition ele-
ments (BRE" and BREY), the downstream promoter element
(DPE), the motif 10 element (MTE), the downstream core
element (DCE), and the X core promoter elements (XCPEs;
XCPEL1 and XCPE2) (1, 5, 16, 21, 32, 33, 37, 50, 58, 66). These
can function independently, as in the case of the TATA box,
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Inr, and XCPEs, or in varied combinations to direct basal
transcription.

By and large, what we know about eukaryotic core promot-
ers and the transcription factors that specifically recognize
them and that act in concert to direct initiation of transcription
comes from studies conducted in fungi, plant, and animals (25,
59). In contrast, the properties governing gene expression in
the broad range of divergent unicellular eukaryotes known as
protists (3), including Trichomonas vaginalis, remain poorly
understood. T. vaginalis is a parasitic protist responsible for the
most common nonviral sexually transmitted infection world-
wide: trichomoniasis (52, 57, 69, 72). While infections may be
asymptomatic, 7. vaginalis causes urethritis in men and often
causes vaginitis in women (20, 52), leading to an increased risk
of prostate (61, 63) and cervical (74, 75) cancers, respectively.
Trichomoniasis is also a risk factor for the acquisition of HIV
(43, 47, 60, 67). T. vaginalis belongs to the phylum Parabasalia
within the kingdom Excavata, once argued to be among the
earliest-diverging eukaryotic lineages (9, 24, 35). More recent
phylogenetic analyses have challenged the early divergence of
the Parabasalia but still clearly distinguish this group as being
highly divergent from other eukaryotic lineages (3, 34).

Our previous transcription studies on 7. vaginalis gene tran-
scription have revealed several novel key properties, as well as
conserved features shared between this divergent microbe and
metazoans (36, 40, 42, 54, 56). Like that found in metazoans, T.
vaginalis protein-coding genes are composed of bipartite pro-
moters with distal elements that regulate the level of transcrip-
tion and a core promoter that directs accurate transcription
initiation (28, 40, 41, 50). To date, the Inr element is the only
core promoter element that has been described in T. vaginalis.
This Inr element, which contains and surrounds the TSS, is
structurally and functionally equivalent to the metazoan Inr



Vor. 31, 2011

element (41, 42, 54). However, unlike the metazoan Inr, which
is recognized by the TATA box-binding protein (TBP)-associ-
ated factor 1 (TAF1)/TAF2 complex, a component of the gen-
eral transcription factor TFIID complex (10, 59), the T. vagi-
nalis Inr is bound by a novel 39-kDa transcription factor
(initiator binding protein 39 [IBP39]) not present in any other
organism. IBP39 binds the 7. vaginalis Inr and mediates tran-
scription initiation (42, 56). Studies indicate that IBP39 also
interacts with the C-terminal domain of the large subunit of
RNA polymerase II and is proposed to aid in the recruitment
of RNA polymerase II to the TSS (36, 56).

In addition to the Inr element, metazoans also utilize the
TATA box to direct accurate transcription initiation (23, 59).
However, no T. vaginalis genes have been shown to contain
functional TATA-like motifs in the location in which they are
found in metazoan genes (~25 to 30 bp upstream of the TSS).
In this study we have examined a database of sequences up-
stream of expressed 7. vaginalis genes to determine whether
this microbe uses TATA-like elements to drive transcription
and to identify other core promoter motifs that might be pres-
ent. Candidates found using this bioinformatics approach were
then subjected to analysis by use of the following criteria to
define core promoters: (i) the DNA motif should be overrep-
resented, relative to random chance, in the 5’ untranslated
regions (UTRs) of many protein-coding genes, (ii) its location
should be fixed relative to the transcription start site, and (iii)
mutations within the motif should affect transcriptional activity
(31). Two novel eukaryotic core promoter elements, motif 3
(M3) and motif 5 (M5), were found using this approach, and a
third was identified during the analysis of core promoter ar-
chitecture. M3 resembles a Myb recognition element (MRE)
found in the distal promoter region of genes in other eu-
karyotes but has not previously been shown to serve as a core
promoter of protein-coding genes. A specific M3 binding pro-
tein (M3BP) was also identified and shown to be a novel
protein with a Myb-like DNA binding domain. The M5 ele-
ment overlaps the TSS and is a gene family-specific alternative
initiator element. Transcription initiating within M5 is unusual,
as the TSS is marked by a cytosine. Transcription from both
the M5 and the Inr were found to be regulated by M3. These
studies greatly extend our knowledge of the characteristics of
core promoters in this divergent eukaryote.

MATERIALS AND METHODS

Creation of upstream region database. A nonredundant upstream region
database (URDB) containing the 5" UTRSs of protein-coding genes with evidence
for expression was created by first identifying and downloading predicted pro-
tein-coding gene sequences of the T. vaginalis genome (www.Trichdb.org). Ex-
pressed sequence tag (EST) data consisting of 20,002 sequences were then
downloaded from GenBank, and BLASTn analysis was used to identify the
protein-coding genes with expression evidence. Any gene that did not match
100% to an EST was eliminated. Multiple genes that were or nearly were 100%
identical were then compared over 30 bp upstream and downstream of the
translation start site using CLEANUP software (22). Only one member within a
group of genes that were at least 95% identical was retained to create the
nonredundant URDB used in all further analyses.

DNA motif searches. A Perl script was written to search the URDB sequences
60 bp upstream to 40 bp downstream of the predicted start of translation for
DNA motifs similar to known eukaryotic core promoters. The output of the Perl
script included the frequency of each motif and its position within individual
URDB sequences. The DNA motifs included in the search were the metazoan
BRE" [(G/C)(G/C)(G/A)CGCC(], archaca BRE" [(C/A)N(A/T)AA(A/T)], meta-
zoan BREY [(G/A)T(T/G/A)(T/G)(T/G)(T/G)], metazoan TATA box [TATA
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(A/T)A], archaea TATA box [TTTA(A/T)ATA], Inr [(T/C/T)(C/T)A(C/T)(T/A)],
DPE [(G/A)G(A/T)(A/T)(G/A/C)], MTE [C(G/C)A(G/A)C(G/C)(G/C/A)
AACG(G/C)], XCPEl [(G/A/T)(G/C)G(T/C)GG(G/A)A(G/C)(A/C)], and
XCPE2 [(A/C/G)C(C/T)C(G/A)TT(G/A)C(C/A)(C/T)] (1, 5, 32, 37, 50, 66).

A local installment of the MEME program (version 3.5.7) was used to search
for overrepresented DNA motifs using a motif window of 6 to 8 or 6 to 10 bp and
zero or on occurrence per sequence (2). The results obtained using each search
window were similar. MEME uses an iterative expectation-maximization algo-
rithm to identify conserved motifs, yielding ungapped blocks of sequences that
are represented by weight matrix models. Motifs that contain gaps were identi-
fied as individual motifs.

Mapping of TSSs (RNA ligase-mediated [RLM] 5’ rapid amplification of
c¢DNA ends [RACE]). Total RNA from T. vaginalis strain G3 was isolated using
Trizol LS (Invitrogen). The RNA was LiCl precipitated, ethanol precipitated,
and DNase treated (Ambion). mRNA was then isolated using a PolyATract
mRNA isolation system III (Promega), following the manufacturer’s recommen-
dations, and treated sequentially with calf intestine alkaline phosphatase (CIP)
and tobacco acid pyrophosphatase (TAP) (Invitrogen). An RNA adapter was
ligated onto the 5" end of the CIP/TAP-treated mRNA and then reverse tran-
scribed using Superscript IIT (Invitrogen) and oligo(dT) (Invitrogen). The re-
sulting pool of cDNA was used in PCRs with a manufacturer-provided RNA
adapter-specific forward primer and gene-specific reverse primers (data not
shown). The PCR products were cloned into the Strataclone PCR cloning vector
and sequenced to determine the 5’ nucleotide of the target cDNAs (Genewiz).

Plasmid construction. The alpha-succinyl coenzyme A synthetase—chloram-
phenicol acetyltransferase (alpha-SCS-CAT) construct described by Delgadillo
et al. (12) was used to construct plasmids that contained M3/Inr, M3/M5, or M5
containing upstream regions preceding the CAT reporter genes. Forward prim-
ers encoding a Sacl restriction site and reverse primers containing an Ndel
restriction site were designed to amplify ~500 bp of target upstream regions. The
primers used for plasmid construction are listed below, and the restriction sites
are underlined: 5'-GAGCTCGAACCATTTCAGGATTTATATTAAATTAT
T-3" for TVAG_359800_F, 5'-CATATGTGGTACAAAGGACAGCCATAAC
CG-3' for TVAG_359800_R, 5'-GAGCTCCTTCTCTCGAATTGTAAAGAAA
ATCGG-3' for TVAG_055940_F, 5'-CATATGTTTTCAAAAGGCCAACCAA
ACC-3' for TVAG_055940_R, 5'-GAGCTCCCAAGACACCTATCGTCGGG
AATC-3" for TVAG_380910_F, 5'-CATATGTAAAAAAGGCCAACCAAAC
CCTC-3' for TVAG_380910_R, 5'-GAGCTCCTCCGGATTTGAATTCTGTT
GCTAC-3' for TVAG_333620_F, 5'-CATATGCCAAAAAGTGAATTCACAA
CCGTCAC-3'" for TVAG_333620_R, 5'-GAGCTCCCACCATCCACATCATC
TAATTTGGTCCTC-3' for TVAG_090090_F, and 5'-CATATGTTCGATAAA
GTAAAAACCGTCATATTTCATCG-3'for TVAG_090090_R. The amplified
upstream regions were subcloned into the alpha-SCS-CAT expression plasmid,
replacing the alpha-SCS upstream region.

Targeted mutations were introduced using the QuikChange site-directed mu-
tagenesis method (Stratagene). Sequence-specific primers encoding the desired
mutation flanked by 15 to 20 nucleotides (nt) of complementary sequence were
used with wild-type M3/Inr-CAT, M3/M5-CAT, or M5-CAT plasmids as tem-
plates. All plasmids were sequenced to confirm the presence of the desired
mutation (Genewiz).

Quantitative real-time PCR (qRT-PCR). Total RNA was isolated from 7.
vaginalis strain T1 populations transfected with wild-type or mutant 5" UTR-
CAT plasmids using Trizol LS (Invitrogen). The RNA was LiCl precipitated,
ethanol precipitated, DNase treated (Ambion), and reverse transcribed using
Superscript IIT and oligo(dt) (Invitrogen). Real-time PCRs were performed with
the resulting cDNA, brilliant SYBR green QPCR master mix (Statagene), and
primers for the CAT reporter gene (5'-GAAAGCGGTGAGCTGGTGATAT
G-3" and 5'-ACTGGTGAAACTCACCCAGGGATT-3’) or the neomycin gene
(5'-ACAGACAATCGGCTGCTCTGATG-3') and 5'-ACCATGATATTCGGC
AAGCAGGCA-3"). cDNA reactions without reverse transcriptase were used as
negative controls. All wild-type and mutant CAT reactions were normalized to
neomycin expression.

Preparation of T. vaginalis crude nuclear extract. 7. vaginalis strain G3 was
harvested by centrifugation and washed in 1X phosphate-buffered saline (PBS),
followed by one wash in buffer A (10 mM HEPES, pH 7.9, 1.5 mM MgCl,, 10
mM KCl, 0.2 mM phenylmethylsulfonyl fluoride [PMSF], 0.5 mM dithiothreitol
[DTT], 10 pg/ml leupeptin, 50 wg/ml No-p-tosyl-L-lysine chloromethyl ketone
[TLCK]). The cells were then resuspended in buffer A and lysed. The lysate was
cleared by centrifugation and the pellet was resuspended in 20 mM HEPES, pH
7.9, 1.5 mM MgCl,, 400 mM KCl, 25% glycerol, 0.2 mM PMSF, 0.5 mM DTT,
10 pg/ml leupeptin, and 50 pg/ml TLCK. The supernatant was dialyzed against
a 50X volume of buffer E (20 mM HEPES, pH 7.9, 0.2 mM EDTA, 100 mM KCl,
20% glycerol, 0.2 mM PMSF, 0.5 mM DTT, 10 ng/ml leupeptin, 50 pg/ml TLCK)
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overnight. All steps were performed at 4°C. The resulting crude nuclear extract
was either used fresh or immediately stored at —80°C.

Electrophoretic mobility shift assay (EMSA). Nucleotide probes containing
M3 consensus sequences (see Fig. 6C) were prepared by annealing complemen-
tary oligonucleotides and end labeling the resulting double-stranded DNA with
gamma->?P and T4 polynucleotide kinase (New England BioLabs). The labeled
probes were gel purified on a 6% polyacrylamide gel. Unlabeled annealed prim-
ers encoding wild type or mutant M3 sequences were also prepared for use in
competition assays. Each binding reaction mixture contained either 20 wg of
T. vaginalis crude nuclear extract or 20 ng of recombinant M3BP (rM3BP),
10,000 cpm of labeled probe, 500 ng poly(dI-dC), 20 mM HEPES-KOH (pH 7.9),
100 mM KCl, 1 mM DTT, 1 mM EDTA, 0.01% NP-40, and 15% glycerol. For
the competition assays, 100X molar excess of the relevant unlabeled probe was
incubated in the binding reaction mixture prior to the addition of labeled probe.

Identification and isolation of M3BP. M3BP was isolated using DNA affinity
chromatography as described previously (46). The wild-type (M3-1 wt) and
mutant (M3-1 mut3) M3 sequences used are shown in Fig. 6C. The double-
strand oligonucleotides were biotinylated and fixed to streptavidin-Sepharose
beads. Gravity columns were created using the probe-streptavidin-Sepharose.
One milligram of crude T. vaginalis nuclear extract (NE), diluted in the EMSA
binding buffer described above, was precleared with probe M3-1 mutl by incu-
bating the mixture at room temperature for 20 min with rotation. The precleared
NE was then split into two equal fractions. One was applied to a wild-type M3-1
probe gravity column, and the second was applied to an M3-1 mutl gravity
column. The columns were washed with EMSA binding buffer, followed by
subsequent washes with EMSA binding buffer containing increasing concentra-
tions of KClI, ranging from 100 mM to 500 mM KCI. The crude NE, precleared
NE, flowthrough, and wash fractions from each column were divided in half. One
half was concentrated and used to track the M3 DNA binding activity via EMSA
using gamma-3?P-labeled wild-type probe M3-1. The other half of the 400 mM
KCl fractions from both columns was dried and submitted for multidimensional
protein identification technology (MudPIT) mass spectrometry to identify the
putative M3BP.

MudPIT mass spectrometry analysis. Affinity-purified samples were precipi-
tated by the addition of trichloroacetic acid to a final concentration of 10%,
washed with ice-cold acetone, and then resuspended in digestion buffer (100 mM
Tris-HCI, pH 8.5, 8 M urea). Proteolytic digestion was performed by the sequen-
tial addition of Lys-C and trypsin proteases and analyzed using shotgun pro-
teomic methods on an LTQ-OrbitrapXL mass spectrometer (Thermofisher) as
previously described (18, 68, 70). Computational analysis of mass spectra was
performed using the SEQUEST and DTASelect algorithms (15, 64). Data were
filtered so that a protein identification required two unique peptide identifica-
tions per protein using a peptide-level false-positive rate of 5%, as determined
using a decoy database strategy (14).

Cloning, expression, and purification of M3BP. The gene encoding the Myb-
like protein was cloned into the Escherichia coli expression vector pET-200D
(Invitrogen), using the primers 5'-CACCATATGCAAACCTCCATGTCTAAC
G-3" and 5'-TTAATGGTGATGGTGATGGTGTTCCTGAGGTAAGATCAA
TGTATTGAGC-3'. The reverse primer encoded a six-histidine tag. Induced
bacterial lysates were sequentially purified over a Mono S cation-exchange col-
umn (Bio-Rad), followed by purification over an NiSO,-charged chelating Sep-
harose column (Amersham), according to the manufacturer’s recommendations,
to remove additional contaminants and further enrich for full-length rM3BP.
The resulting C-terminal His-tagged rM3BP was assayed via EMSA, as described
above.

Chromatin immunoprecipitation analyses. A T. vaginalis transfectant express-
ing the 40S ribosomal protein S15-2 was grown overnight to a density of ~4 X
10° cells/ml, and formaldehyde was added to a final concentration of 1%, fol-
lowed by incubation on a rotator for 20 min at room temperature. Cross-linking
was stopped by the addition of 125 mM glycine, followed by a 5-min incubation
at room temperature. Cells were harvested and washed in 20 ml cold PBS plus
125 mM glycine and protease inhibitors, split into 500-pl aliquots, and sonicated
to shear the DNA to an average of ~400 nucleotides. The extract was spun at
13,000 rpm for 15 min at 4°C, and the supernatant was subjected to immuno-
precipitation (IP). Two IPs, each containing 800 pl of the extract, were per-
formed. One contained 20 pl of IgG purified from anti-M3BP antisera using
protein A-Sepharose, and the other had no antibody (negative control). The IP
reaction was done overnight at 4°C on a rotator. Thirty-five microliters of protein
A beads was then added to each reaction mixture, which was then incubated for
2 h at 4°C. The beads were washed in a low-salt wash (1% Triton X-100, 1 mM
EDTA, 50 mM HEPES, pH 7.5, 150 mM NaCl, 0.1% deoxycholate), followed by
a high-salt wash (1% Triton X-100, 1 mM EDTA, 50 mM HEPES, pH 7.5, 500
mM NacCl, 0.1% deoxycholate), an LiCl wash (250 mM LiCl, 0.5% NP-40, 0.5%
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deoxycholate, 1 mM EDTA, 10 mM Tris, pH 8), and a TE wash (10 mM Tris, pH
8, 1 mM EDTA). All washes were done in 1 ml for 5 min at room temperature
on a rotator. The beads were suspended in 100 wl elution buffer (1% SDS, 50
mM Tris, pH 8, 10 mM EDTA) and incubated for 10 min at 65°C. After elution,
the beads were spun and the supernatants were incubated overnight at 65°C to
reverse cross-linking. The samples were then treated with proteinase K, and
DNA was recovered by phenol-chloroform extraction and ethanol precipitation.
PCR was done using the recovered DNA with an annealing temperature of 48°C,
Taq polymerase, and 2.4 mM MgCl,. The primers used were GCCTGGTAGT
ATATGAATCACC (forward) and GGATAACAACTCTTGTGTCC (reverse)
for the 408 ribosomal protein S15-2 and GTTCGCTAACTACGATCTTC (for-
ward) and AGTAAGAAGAATTTGCAATCCG (reverse) for the noncoding
DNA on contig DS113477 (www.trichDB). The PCR products were analyzed on
a 2% agarose gel.

RESULTS

Identification of overrepresented motifs in UTRs of T. vagi-
nalis protein-coding genes. Only one core promoter has been
shown to direct transcription initiation of protein-coding genes
in the unicellular eukaryote 7. vaginalis: the Inr [(T/C/A)(C)
(A 1y)(T/C/A)(T/A), where (+1) denotes the TSS] (41, 42,
56). To search for additional potential core promoter
elements, we created a T. vaginalis protein-coding gene URDB
selected from 20,002 ESTs (www.trichdb.org). Given the high
frequency of multigene families in 7. vaginalis, many of which
appear to have undergone recent expansion (7), the
CLEANUP program (22) was used to identify groups of se-
quences =95% identical within 30 bp upstream and down-
stream of the translation start site. Only one member of each
group was retained in the URDB to avoid overrepresentation
of 5’ UTRs reflecting recent expansion and not conservation.
The resulting nonredundant data set contained 1,647 5" UTRs
from expressed genes. These UTRs have a 23.9% G+C con-
tent, comparable to the 28.8% G+C content reported for T.
vaginalis intergenic regions (7).

Approximately 82% of the UTRs within the URDB were
found to contain the Inr consensus sequence in the previously
determined location for this promoter element: 6 to 20 bp
upstream of the translation start site ATG (41). As a first step
toward identifying potential DNA motifs that may act as core
promoters in the 18% of the genes that do not contain a
putative Inr, we used the MEME program (2) to search the
entire URDB for overrepresented motifs. On the basis of the
close proximity of functional Inrs to the ATG translation start
site in 7. vaginalis genes (41), the 60 bp upstream of the ATG
was examined for motifs with a maximum width of 8 bp. The
top five statistically significant motifs identified are shown in
Table 1. The distribution of the five motifs relative to the ATG
start codon was assessed, and all except motif 2 were found to
be positionally conserved (Fig. 1). On the basis of the random
distribution of motif 2 and the strong association of motif 4
with the translation start site, these motifs were excluded from
further analysis.

The most statistically significant motif identified by MEME,
motif 1 (M1), contains a 7. vaginalis Inr core element [TCA
(C/T)T] at its 5" end (Table 1). As predicted, the majority
(~65%) of identified M1s are located 5 to 20 bp upstream of
the ATG (41). These data underscore the importance of the
Inr in directing transcription initiation and validate this
method as a way to uncover overrepresented DNA motifs. As
we have previously rigorously analyzed the core motif of M1
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TABLE 1. The five most significant motifs identified
by the MEME algorithm

IUPAC
Motif Pictogram consensus No. % e value
sequence
1 C C TCAYTTTT 562 341 6.3e—291
2 G G c‘ AAAGTGAC 189 115 2.5e—134
3 G G C G G RRCSGTTD 197 119 5.7e—-117
4 c G MAAAAWTK 452 274 1.1e-54
5 G G C C I GDCCTTTY 73 44 43e—49

(4042, 54), the motif has not been subjected to further bio-
chemical analyses here.

M3 is present in 11.9% of sequences and has a peak location
distribution at positions —20 to —25 relative to the translation
start site. M3 is present in the 5" UTRs of many unrelated gene
families. Three of the 8 nt of M3 exhibit 100% conservation,
and the first five positions of the consensus sequence [(A/G/T)
(A/G)C(G/C)G(T/C)T(T/A/G)] are similar to the last five po-
sitions of the mammalian MRE [Py-AAC(T/G)G, where Py is
pyrimidine].

The consensus sequence of the remaining motif identified by
MEME, M5 [G (G/A/T)CCTT(T/C)(T/C)], does not resemble
any known eukaryotic RNA polymerase II promoter element.
This motif has the most striking positional conservation, with
~80% being located at positions —10 to —15 relative to the
translation start site (Fig. 1), the position where functional Inr
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elements are typically located (41). Interestingly, 85.7% of
MS5-containing sequences precede ribosomal protein genes, a
gene family predicted to have 422 members in 7. vaginalis
(www.trichdb.org). To determine the percentage of ribosomal
protein genes contain an M5-like element, a data set of the 5’
UTRs of the 422 sequences was searched using MEME as
described above, and 86.4% of the sequences were found to
contain an M5 in its peak location. Notably, 46.7% of these
MS5-containing UTRs also have a positionally conserved M3,
while only ~6% contain a potentially functional Inr element.
As no previously described eukaryotic core promoter ele-
ments were identified by the MEME program, with the excep-
tion of the Inr element, we used custom Perl scripts to directly
search the URDB for the core promoter elements: TATA box,
TFIIB, BRE", BREY, DPE, MTE, DCE, XCPE1, and XCPE2
(1, 5, 32, 37, 50, 66). Although all are represented, with the
exception of MTE and XCPE2, little to no positional conser-
vation is observed. Hence, the only known eukaryotic core
promoter motif that appears to be present in 7. vaginalis pro-
tein-coding genes is the previously described Inr (40, 41, 55).
M3 and M5 are found in conserved positions relative to
TSS. As core promoter elements are typically conserved in
position relative to the TSS, we used RLM 5’ RACE to deter-
mine the relationship, if any, between the TSS and M3 and M5
(Fig. 2). All TSSs were found to be located 7 to 15 bp upstream
of the translation start site, within the range of locations of
previously reported Inr-driven initiation of transcription (Fig.
2). In UTRs that contain both Inr and M3, the TSS was
mapped primarily at the adenosine within the Inr at a distance
11 to 17 bp downstream of the M3 (Fig. 2A). A survey of the
URBD reveals that this relative location of M3 and Inr is
conserved in ~33% of UTRs that contain both elements.
We next examined 5" UTRs that do not contain the Inr. We
first mapped the TSS for 14 UTRs that contain both M3 and
M5 (Fig. 2B) and 6 that contain only the M5 element (Fig. 2C)

80%

70%

60%

B Motif 1

50%

O Motif 2

40%

Frequency

B Motif 3

v B Motif 4

30%

Motif 5

20%

10%

0%
-65 60 -55 -50 -45 -40 -35

-0 26 20 -15 -10 -5 0

Position relative to the translation start site

FIG. 1. Location distribution of the top five significant MEME-identified DNA motifs relative to the translation start site. The translation start
site is represented by 0, and the position of the first nucleotide of each motif, as shown in Table 1, was binned in 5-bp intervals.
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A. -15
CGAATTTCTTGAGAAAAGACGGTTTCTTAAAAT

Conserved hypothetical
T-like metallopeptidase
GTP-binding protein ypt10
Conserved hypothetical

Circumsporozoite precursor

GTTTTCCGACGACGATGAAATATGACGGTTTTTT
CAAGTAACAATTTGAGAGGAAAAGGCGGTTTGAC
ATTTTGAATATTTTATAGGACGGTTTGTGATCTC
CAAATAAAATTTAAAATTTGACGGTTTTTCTATC
Rab19 ATAAAATTGGTTGAAAAACTCCOGACGGTTTTTC
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-10 -5 +1

RATTTTCTTGAACATG (3/3)
ACTTTATCGAAATG (8/10)
TTICTTTCAATG (9/9)
NTTTTATTCCACAATG  (9/10)
ACTATTGGTGAATG (4/4)
CAATAAAATG (7110)

Rabx18 TGTCACAATAAATAATTTACGTAGCCCTTAGGTTIIAATTGTTGAATG (5/6)
c-MYB CTTCTCTCAATCTGACCGATIGGCGETTTITGTTT AT TATTAATAATG (5/6)
WD-repeat containing protein  ATGCAATCCTTTGAAACGTGACGGTTGTGAATTCICT I TTTGGATG (719)

. -15 10

g S ribosomal protein L15e  TAAAAAGTGCATTGGCAAGCGGTTGTGGTCTT TS (3/3)
40'S ribosomal protein $12-1 GATTTTTGTAAACTCGATGGCGGTTTTGGTCTTHM] (718)
60 S ribosomal protein L23a-1 TTTGAAGAAAAACGATAGAGCGGTTATGGTCGAJM (313)
60 S ribosomal protein L35-1 CTAAAAAATAATCGTTATTAGCCGTTTGGCCGTAMITTY (5/5)
60 S ribosomal protein L35-2 CAGAGTTTTTGAGAAAAAGTGACTGATGGCCGATS (6/6)
Ubiquitin CACAATTTGTCACTTTTCTGCGGTTTGGTCCTTHM] (12112)
60 S ribosomal protein L23a-2 AATTAATGGCGACGATAGGGCGGTTATGGTCGGHEC (3/3)
40 S ribosomal protein $15-1 TTACAAAACCGCTTGATGAACGGTTTTGGCCTTAY] (3/3)
40 'S ribosomal protein $15-2 AATATAGACGATTATTTTTTGCGGTTTGGTTGGHMITT! (5/5)
60 S ribosomal protein L34~ AAAAAATTGAATACAAAARACGGTTATGGCTGTH (6/6)
40 S ribosomal protein $12-2 ATAAGTTTACAAGCTTTGTGCGGTTTTGG! ! (6/9)
60 S ribosomal protein L23a-3 CAAAACCGCCCATGAATIGCGGTTTTGGTCAACHMT (4/4)
40 S ribosomal protein $17  ATAGTAGAGCAACGATTATAGCGGTTTTGGCCCHMT (5/5)
40 S ribosomal protein $3a-2  GTCCTCTCAAAACGGTTTGAACGGTTTGGTTGANMITT (5/5)
C. 15 10 5+

60S ribosomal protein L4-1  CCAAAAATTTTTGAAAAGGTTTGTTTGGTTCG TGTCTGATG (6/6)
60S ribosomal protein L4-2  TGAAATTTCTGTGCCGACGATAAATATGGTCG TTGATG (6/6)
Conserved hypothetical GGCGGTTTTCTCTCAATTTTTTGAATGGGATGGH TGTAAGACTGATG (3/3)
Conserved hypothetical ATAGGGCGACTTCTTTGAAAATGTGATCGTTGG GAAATG (3/3)
DEAD-box RNA helicase ~~ GGACTTCTCAATTAATTCAGAGGGTTTGGTTGGE ITTTAATG (11/12)
40S ribosomal protein S3a-1 CAGAATATTAGGCCACGTGTCGCTTTTGGTCG TGTAATG (7/7)

FIG. 2. Positions of motif 3 (green), motif 5 (blue), and the Inr element (yellow) relative to the transcription start site, determined by RLM
5" RACE. The ATG translation initiation codon is shown in red. The transcription start site is denoted +1 and is highlighted by the black bar. The
frequency at which each highlighted TSS was mapped is listed on the right. Additional TSSs mapped for a given sequence are represented in
boldface. (A) UTRs containing M3 and Inr; (B) UTRs containing M3 and MS5; (C) UTRs containing only M5. The non-MEME-identified

GG(T/C)(T/C) motif is underlined in panels B and C.

and found that with two exceptions the TSS mapped within
MS, at the second C of the conserved dinucleotide C_,-C(, ).
The location of M3 in M3-MS5 UTRs is conserved and located
—14 to —17 nt upstream of the TSS. A closer inspection of the
mapped TSSs revealed the strict conservation of the
CC¢yITT motif at the core of the 8-nt motif defined by
MEME with variation at other positions, which led us to re-
define M5 as CCTTT (highlighted in Fig. 2B and C). This
redefined M5 is present in ~12% of the 60-nt UTRs in the
URDB, with ~71% being located between —5 and —15 nt
relative to the translation start site. The mapping of the TSS to
the M5 in UTRs that lack an Inr and the overlapping location
of these 2 elements implicate M5 as an alternate 7. vaginalis
initiator element. Interestingly, M5 is devoid of adenosines and
instead uses a noncanonical cytosine to mark the TSS. To confirm
the TSS mapping data obtained using RLM 5" RACE, conven-
tional primer extension analyses were also conducted on six
genes, and the same TSS was found in all cases (data not shown).

Further analysis of the TSS mapping data revealed an addi-
tional 4-nt DNA motif unidentified by our MEME analyses
which is underlined in Fig. 2B and C. This GG(T/C)(T/C)
motif precedes M5 in all shown M3-M5 5" UTRs and in 4 out
of 6 M5-only UTRs and is located 6 to 8 bp upstream of the
TSS. Reanalysis of the URDB shows that ~75% of M3-M5
and ~17% of M5-alone 5’ UTRs have this motif conserved
within 15 bp upstream of MS5.

The M3 and GG(T/C)(T/C) motifs affect transcriptional ac-
tivity. There is no reliable in vitro transcription system for
examining the expression of T. vaginalis genes; therefore, we
have used in vivo assays to determine whether M3, M5, and the
GG(T/C)(T/C) motif affect transcriptional activity. Approxi-
mately 500 bp of selected target 5" UTRs was cloned upstream
of a CAT reporter gene in a T. vaginalis expression vector (41),
and mutations within the motifs were introduced by site-di-
rected mutagenesis. Wild-type and mutant constructs were
then introduced into 7. vaginalis, and the transcriptional activ-
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ity of the CAT reporter gene was assayed by qRT-PCR. All
constructs contained a neomycin phosphotransferase gene that
was also subjected to qRT-PCR to correct for possible varia-
tion in the number of plasmid constructs in transfectants being
compared. The 5" UTRs of 2 genes containing both the M3
and M5 motifs were selected for analysis (60S ribosomal pro-
tein L34 [TVAG_359800] and 40S ribosomal protein S15-2
[TVAG_055940]) (Fig. 3A and B). The TSS for each of these
maps to the second cytosine of M5, and each contains the
GG(T/C)(T/C) motif between the M3 and M5 motifs. The 5’
UTRs of a WD repeat-containing protein (TVAG_333620)
and T-like metallopeptidase (TVAG_090090) were chosen as
representatives of M3-Inr-containing 5’ UTRs where the TSS
maps to the canonical adenosine within the Inr (Fig. 4A to D).

A triple-base-pair mutation (GTT to TAA) or three single
mutations at the strictly conserved C, G, or T in the M3
element (Table 1) upstream of the 60S ribosomal protein were
found to nearly abolish transcriptional activity, reducing it to
~0.5, ~0.6, ~0.1, and ~0.1% relative to that of the wild type,
respectively (Fig. 3A, mutl, mut2, mut3, and mut4). The same
single mutations in M3 upstream of the 40S ribosomal protein
likewise dramatically decreased transcriptional activity (Fig.
3B, mutl2, mutl3, and mutl4). These single-base-pair muta-
tions also decreased transcriptional activity in the context of
the M3-Inr promoters, although not as dramatically as that
observed for M3-M5 promoters (Fig. 4A, mut27 and mut28,
and Fig. 4C, mut30, mut31, and mut32), with activity ranging
from ~5.5 to ~34% of that of wild-type promoters. Together,
these data demonstrate that, when it is present, M3 modulates
the level of transcription driven from either the Inr or M5
motif.

We next asked if the GG(T/C)(T/C) motif located between
M3 and M5 affects transcriptional activity by mutating each
position of the motif in the two M3/M5-containing UTRs (Fig.
3A and B). The first two positions were changed to A residues
and the second two positions were mutated to G residues. All
four mutations in each M3-MS5 promoter dramatically de-
creased transcriptional activity to between ~0.02 and ~4%
(Fig. 3A, mut8, mut9, mutl0, and mutll) or ~10 and ~14%
(Fig. 3B, mut18, mut19, mut20, and mut21) of that of the wild
type. These analyses demonstrate that, similar to what was
observed for M3, the GG(T/C)(T/C)motif is a core promoter
element.

MS5 functions as an initiator element. M5 surrounds and
contains the TSS, indicating that it is likely to function as an
alternative initiator element. To test whether mutations within
MS alter transcriptional activity, we introduced single-base-
pair mutations in the M5 of the 60S ribosomal protein gene,
changing the C to G at position +1, C to G at position —1, and
T to G at position +3 relative to the TSS (Fig. 3A). Mutating
the C that marks the TSS (mut5) had the largest effect, de-
creasing transcriptional activity to ~15% of that of the wild
type. Mutating the C at the —1 position (mut6) decreased the
activity to ~47% of that of the wild type. There was no signif-
icant difference in transcriptional activity when the T at posi-
tion +3 (mut7) was mutated. To confirm and extend upon
these results, M5 mutations were analyzed in the context of
another M3/MS5 promoter (Fig. 3B). The C at position +1 was
mutated to an A, a G, or a T, and transcriptional activity was
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found to be reduced to ~15 to ~35% of that of the wild type
promoter (mutl5, mutl6, and mutl7, respectively).

We next chose the DEAD-box RNA helicase
(TVAG_380910) to examine a 5" UTR that lacks an M3 but
that does contain the M5 and GG(T/C)(T/C) motifs with the
TSS mapping to the second C within M5 (Fig. 3C). We made
single-base mutations at each position of the M5 motif
(CCTTT) within this 5" UTR, mutating each to a G (Fig. 3C).
Less than 15% activity was observed when either the C at
position —1 or the C at position +1 was mutated (mut22 and
mut23), whereas considerably higher activity (~35%) was
found when the T at position +2 was mutated (mut24). As also
seen when the T at position +3 was mutated in the UTR of the
60S ribosomal protein gene (Fig. 3A, mut7), mutation of the
element at this position in the DEAD-box RNA helicase pro-
moter did not significantly affect activity (Fig. 3C mut25). Sim-
ilarly, only a modest reduction in activity was observed when
the T at position +4 was mutated (mut26). These data dem-
onstrate that mutation of the TSS and the immediately sur-
rounding nucleotides significantly reduces transcriptional ac-
tivity, thus identifying M5 as an alternative initiator element.
Notably, although they are strictly conserved, the last two T
residues in the M5 motif do not directly contribute to the
strength of transcriptional activity.

Mutations within M5 alter the TSS selection. To determine
whether mutations in M3 and M5 alter the TSS selection,
RLM 5’ RACE was used to map the 5" ends of RNAs derived
from selected mutants. With a single exception, we found that
mutations at positions —1, +1, and + 2 within M5 alter the
selection of the TSS, whereas mutations in M3 do not alter the
TSSs mapped within either M5 or Inr (Fig. 3A and B; Fig. 4A
and C; curved arrows denote the TSS). When the M5 element
is mutated at either the C at position —1 or the C at position
+1 to G or T, the TSS is shifted downstream to A residues
(Fig. 3A, B, and C, mut5, mut6, mutl6, mutl7, mut22, and
mut23). In most cases, these adenosines are found within Inr-
like elements similar to ones we have previously shown to
function as Inr elements with reduced activity (41). The only
tested mutation at the C at position —1 or +1 in M5 that does
not lead to a change in the TSS occurs when the C at position
+1 is mutated to an A (Fig. 3B, mutl5). This changes the M5
into a degenerate, low-activity Inr (41), which likely accounts
for the 80% reduction in activity and no shift in the TSS.
Although 6/10 TSSs mapped to the C at position +1 when the
T at position +2 was mutated, 4/10 TSSs were shifted to A
residues downstream of M5 (Fig. 3C, mut24). In contrast, no
shift in the TSS was observed when the T residues at positions
+3 and +4 were mutated (mut25 and mut26). Thus, the two T
residues at the 3’ end of M5, which were shown above to have
no effect on the strength of transcriptional activity, also do not
affect the selection of the TSS. Given the conservation of these
TT residues and the role of poly(T) in destabilizing double-
stranded DNA (dsDNA), these nucleotides may be important
for facilitating melting of the dsDNA to form an open complex
for the initiation of transcription while not significantly affect-
ing the transcriptional activity of the promoter or potential
DNA-protein interactions (73).

The distance between motifs affects transcriptional activity
and TSS selection. To directly test whether the observed con-
servation of the distance between M3-M5 and M3-Inr promot-
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AAAA \TGGCTGTCCTTTGTACCACATatg

AAAACGTAAATGGCTGTCCTTTGTACCACATatg
r'g/s

AAAAAGGTTATGGCTGTCCTTTGTACCACATatg
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AA GTTATAGCTGTCCTTTGTACCACATatg

AAAACGGTTATGACTGTCCTTTGTACCACATatg

AAAACGGTTATGGGTGTCCTTTGTACCACATatg

ARA "ATGGCGGTCCTTTGTACCACATatg
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TTTGA GGTTGGCCTTTTGAAAACATatg

TT ATTTGGTTGGCCTTTTGAAAACATatg

TT GTGGTTGGCCTTTTGAAAACATatg
I e/6

TT GGTTGGCATTTTGAAAACATatg

[* /4
TT GGTTGGCGTTTTGAAAACATatg
*4/4

T GGTTGGCTTTTTGAAAACATatg

TT AGTTGGCCTTTTGAAAACATatg

TT GATTGGCCTTTTGAAAACATatg

TT GGGTGGCCTTTTGAAAACATatg

TT GGTGGGCCTTTTGAAAACATatg

/1
CAGAGGGTTTGGTTGGCCTTTTTACATAatg
I sis

CAGAGGGTTTGGTTGGCGTTTTTACATAatg

a/6 I 2/6

CAGAGGGTTTGGTTGGGCTTTTTACATAatg

6/10[* 2/10 [*[*2/10

CAGAGGGTTTGGTTGGCCGTTTTACATAatg

*sse
CAGAGGGTTTGGTTGGCCTGTTTACATAatg

6/6
CAGAGGGTTTGGTTGGCCTTGTTACATAatg
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60S ribosomal protein L34

wt

M3 mut 1

M3 mut 2

M3 mut 3

M3 mut 4

M5 mut 5

M5 muté

M5 mut 7
GG[T/C][T/C] mut 8
GG[T/C][T/C] mut 9

GG[T/C][T/C] mut 10

GG[T/C][T/C] mut 11
ins 1 Ik

ins2 |}

0% 20% 40% 60% 80% 100% 120%
Activity relative to wild type

408 ribosomal protein S15-2

wt

M3 mut 12

M3 mut 13

M3 mut 14

M5 mut 15

M5 mut 16

M5 mut 17
GG[T/C][T/C] mut 18
GG[T/C][T/C] mut 19

GGIT/C][T/C] mut 20

lllllll"I

GG[T/C][T/C] mut 21

0% 20% 40% 60% 80% 100% 120%

Activity relative to wild type

DEAD box ATP-dependent RNA helicase

wt |
M5 mut22 [l
M5 mut 23 |1
M5 mut 24 I
ms mut 25 [

M5 mut 26 |

0% 20% 40% 60% 80% 100% 120%

Activity relative to wild type

FIG. 3. Transcriptional activity of genes with M3-M5 and M5 promoters. The sequence ~500 bp upstream of the 60S ribosomal protein L34
(A), 40S ribosomal protein S15-2 (B), or DEAD-box ATP-dependent RNA helicase (C) was cloned 5 of a CAT reporter gene, and
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ers (Fig. 1, 2A and B) plays a role in directing transcription, we
introduced insertions and deletions in reporter gene constructs
containing these promoters. When either 4 or 9 bp was in-
serted between M3 and the GG(T/C)(T/C) motif in an M3-M5
promoter, transcriptional activity was reduced to ~8.5 and
~0.5% of that of the wild type, respectively (Fig. 3A, ins 1 and
ins 2), demonstrating that the distance between M3 and the
downstream GG(T/C)(T/C) and M5 elements is critical for
transcriptional activity. The distance between the M3 and Inr
in promoters containing both motifs was also found to affect
transcriptional activity (Fig. 4A, ins 3 and ins 4), however not
as dramatically as in M3-M5 promoters (~50%). This is likely
attributed to the ability of the Inr to function independently as
a promoter (41).

Increasing the distance between M3 and M5 also altered the
TSS, moving it to A residues upstream of the TSS with a C at
position +1 for 40 to 60% of mapped mRNAs (Fig. 3A, insl
and ins2); the TSSs of the remaining mRNAs mapped to the
wild-type C at position +1 in the M5 motif. It is notable that
the altered TSSs are located at +12 and +17 nt downstream of
M3, consistent with the 11 to 17 nt found between M3 and TSS
in wild-type promoters. These data strongly indicate that M3 is
involved in selecting the TSS in M5-containing promoters and
that the optimal distance between M3 and the TSS is 12 to 17
nt. Transcription initiating in the M5 motif is not strictly de-
pendent on the conservation of M3 at this location, however.
This implies that an increased distance between these elements
can support M3-directed transcription or that M5 is capable of
directing transcription in the absence of M3, albeit at a highly
reduced level.

Increasing the distance between M3 and Inr by 5 nt in
promoters containing both elements also creates an alternative
TSS at an A 15 bp downstream of M3 (Fig. 4A, ins 3). This TSS
was found in ~43% of mapped mRNAs and is within the 11 to
17 bp observed for M3-TSS spacing. However, when the dis-
tance between the 2 promoters is increased by an additional 5
nt, no alternative TSS is created and transcription initiates
exclusively at the Inr (Fig. 4A, ins 4).

The effect of mutations in M3 has a more dramatic effect on
transcription driven from the Inr when only 1 bp separates the
two elements (Fig. 4C, T-like metallopeptidase promoter) than
when 5 bp separates them (Fig. 4A, WD-repeat-containing
protein promoter). To further test the effect of M3/Inr spacing,
we deleted 4 of the 5 bp separating M3 and Inr in the WD-
repeat-containing protein promoter (Fig. 4B) and conversely
inserted 4 bp between these elements in the T-like metallo-
peptidase promoter (Fig. 4D). Deletion of the 4 bp increased
transcription ~5-fold (Fig. 4B, del). This increase in transcrip-
tion is dependent on M3, as introducing a mutation in M3 in
this construct decreased transcription to ~15% of that of the
wild type (Fig. 4B, mut29 del). Similarly, increasing the spacing
between M3 and Inr by 4 bp in the T-like metallopeptidase
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promoter decreased activity to ~50% of the wild-type levels
(Fig. 4D, ins 5), and mutation of M3 in this context further
decreased activity, demonstrating direct modulation of expres-
sion by M3 (mut33 ins 5). These data demonstrate that M3 and
Inr work synergistically, with the distance between these ele-
ments substantially affecting the level of transcription, without
altering the TSS (Fig. 4B and D).

A T. vaginalis nuclear protein specifically recognizes wild-
type but not mutant M3 sequences. The conservation of the
position of M3 relative to the TSS and the effect that mutations
within the motif have on transcriptional activity are consistent
with this core promoter element being recognized by a T.
vaginalis transcription factor. As a first step toward identifying
such as factor, a T. vaginalis nuclear protein was shown to
specifically recognize a *?P-labeled, double-stranded M3-con-
taining probe using EMSAs (Fig. 5A, lane 2). When the wild-
type M3 sequence within this probe was mutated at the con-
served positions necessary for M3 activity, protein binding was
blocked, demonstrating that the protein specifically binds a
functional M3 motif (Fig. 5A, lanes 3 to 6). Competition assays
likewise showed that three unlabeled probes containing differ-
ent wild-type M3 motifs are capable of competing for the
binding of the protein to the *?P-labeled wild-type probe (Fig.
5B, lanes 3, 7, 8, and 9). In contrast, unlabeled probes with
triple and single point mutations within M3 do not compete
(Fig. 5B, lanes 4, 5, and 6). These data demonstrate the pres-
ence of a protein(s) in 7. vaginalis NEs capable of recognizing
four consensus M3 motifs.

Isolation of M3BP by DNA affinity chromatography. We
have used DNA affinity chromatography to isolate M3BP. Bio-
tinylated wild-type and mutant M3 probes were bound to
streptavidin-Sepharose beads, and 7. vaginalis crude NE was
passed over an M3 mutant column to preclear the extract of
nonspecific DNA binding proteins. The precleared NE was
then applied to either the M3 wild-type or mutant affinity
columns. After the columns were extensively washed, proteins
were eluted from the columns with increasing concentrations
of KCI. The resulting salt fractions were assayed by EMSA for
M3 DNA binding activity (Fig. 5D and E). Binding activity was
eluted in the 400 mM KCl fraction eluted from the wild-type
DNA affinity column (Fig. 5D, lane 8) and was absent from the
same fraction eluted from the mutant column (Fig. SE, lane 8).
Both 400 mM KCI fractions were then analyzed by MudPIT
mass spectrometry to identify a putative M3BP. Proteins that
were represented by at least two peptides were present exclu-
sively in the wild-type sample (data not shown). The most
abundant protein identified (TVAG_225940) is a 20.45-kDa
protein with a C-terminal Myb-like DNA binding domain com-
prised of the characteristic R2 and R3 repeats (48, 49).

An alignment of this putative M3BP with the human c-Myb
DNA binding domain shows that the 3 critical amino acids of
the human c-Myb protein known to make contact with the Myb

expression constructs were transfected into 7. vaginalis. qRT-PCR was used to measure CAT transcript levels. Transcriptional activities are
expressed relative to the respective wild-type levels (first sequence in the graphs). CAT expression values were normalized to the expression of a
neomycin gene, driven by a wild type B-tubulin promoter, on the same expression construct. The M3 and M5 motifs are shown in green and blue,
respectively. Mapped TSSs are in boldface, underlined, and denoted by a curved arrow. The frequency of each TSS mapped to a specific nucleotide
is indicated next to the arrow. Mutations and insertions introduced into wild-type constructs are shown in red.
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FIG. 4. Transcriptional activity of genes with M3-Inr promoters. The sequence ~500 bp upstream of the WD-repeat-containing protein gene
(A and B) and T-like metallopeptidase gene (C and D) were cloned upstream of the CAT reporter gene, and the effects of mutations on
transcription were assayed as described in the legend to Fig. 3. Motif 3 and Inr elements are shown in green and orange, respectively. Mutations
are shown in red, and experimentally determined TSSs are in boldface, underlined, and denoted by curved arrows with the frequency of each TSS
indicated.



Vor. 31, 2011

CORE PROMOTERS IN TRICHOMONAS VAGINALIS 1453

A B. = o
S &S
o & 0§ S &S S cod o (S s
; 3 8 oY e 9w
Mt & 5§ & & Competiton - - < < < QXY
Nuclear
extract o+ o+ + 4 B % B b o

1 2 3 4 5 6

C. M3-1wt:
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ACCGCTTGATGAACGGTTTTGGCCTTCCTTTTTGCGA

M3-1 mutl: ACCGCTTGATGAACGTAATTGGCCTTCCTTTTTGCGA
M3-1 mut2: ACCGCTTGATGAACGATTTTGGCCTTCCTTTTTGCGA
M3-1 mut3: ACCGCTTGATGAAAGGTTTTGGCCTTCCTTTTTGCGA

M3-2 wt:
M3-3 wt:
M3-4 wt:
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FIG. 5. Affinity isolation of M3-specific DNA binding activity from 7. vaginalis nuclear extracts. (A) Mobility shifts assays using nuclear extracts
and *?P-labeled M3-1 wild-type and mutant probes shown in panel C; (B) mobility shift assays using a **P-labeled M3-1 wild-type (wt) probe and
nuclear extracts in the presence of a 100 molar excess of unlabeled probes (listed in panel C); (D) mobility shift assays using >*P-labeled M3-1
wild-type probe and NE or fractions from wild-type (D) or mutant (E) DNA affinity chromatography.

4 5 6 7 8 9

recognition element (Lys104, Lys158, and Asnl59) and the
canonical three tryptophans separated by ~19 amino acids in
the Myb R2 and R3 repeats are conserved in the putative
M3BP (Fig. 6A and C) (48). Except for the conserved C-ter-
minal DNA binding domains, the putative M3BP was found to
be a novel protein present only in 7. vaginalis, as BLASTp
analysis of GenBank using the N terminus of the protein re-
veals no significant similarity with proteins in other organisms.
Although there are over 480 Myb-like proteins annotated in
the T. vaginalis genome (trichdb.org), the three peptides iden-
tified by MudPIT mass spectrometry (Fig. 6B) match only the
putative M3BP.

TGAATACAAAAAACGGTTATGGCTGTCCTTTGTACCA
CGATGAAATATGACGGTTTTTTACTTTATCGAAATGG
AGAGAAGATAGGGCGGTTTTGACACTCTTGATAATGT

1 2 3 4 5 6 7 8 9

Recombinant M3BP specifically recognizes M3 in vifro and
in vivo. To confirm that the putative M3BP has M3-specific
DNA binding activity, M3BP was expressed in Escherichia coli
and the recombinant protein (rM3BP) was purified as a C-ter-
minal histidine-tagged fusion protein. In addition to the 20.45-
kDa full-length rM3BP, a less abundant ~17-kDa breakdown
product containing the C-terminal His-tagged Myb DNA bind-
ing domain was obtained (data not shown). Using this protein
preparation, 2 different wild-type M3 probes and 3 different
mutant M3 probes were used in EMSA. M3BP was shown to
specifically bind the functional and not the nonfunctional M3
motifs (Fig. 7A and B). Two shifted products were observed,
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FIG. 6. Sequence analyses of T. vaginalis M3BP. (A) Pair-wise alignment of M3BP with human c-Myb (CAF04477) Myb domains. Diamonds,
conserved amino acids that make DNA contacts to the MRE; circles, canonical evenly spaced tryptophan residues. The R1, R2, and R3 domains
of c-Myb are indicated and underlined. (B) List of the M3BP peptides identified by MudPIT mass spectrometry. (C) The consensus sequence of
M3 is shown with arrows pointing to the nucleotides within the metazoan MRE known to contact the Myb DNA binding domain. Contacted amino
acid residues (diamonds in panel A) are conserved in M3BP. The residue numbers listed correspond to the human c-Myb sequence.

with the faster-migrating product matching the one observed
when NE was used instead of the rM3BP (Fig. 7A and B, lanes
2 and 3). These data indicate that M3BP is cleaved upon
purification of NE, consistent with the lack of MudPIT mass
spectrometry-identified peptides from the N terminus of the
protein (Fig. 6A and B). To further establish the specificity of
rM3BP, EMSA experiments were performed using 3 different
32P-labeled M3 consensus sequence probes and 100 molar
excess of either unlabeled wild-type or mutant M3 probes. All
tested wild-type M3 probes were shown to compete for the
binding of rtM3BP to wild-type M3 probes (Fig. 7C, lanes 3, 7,
and 11), while no mutant probes were capable of competing
(Fig. 7C, lanes 4 to 6, 8 to 10, and 12 to 13). These data
definitively establish that the ~20.5-kDa Myb-like DNA bind-
ing domain containing M3BP recognizes the M3 core pro-
moter element in 7. vaginalis.

To directly demonstrate that M3BP binds to M3 in vivo,
chromatin immunoprecipitation analyses were performed us-
ing the IgG fraction purified from polyclonal antisera raised
against M3BP. As shown in Fig. 8, the promoter region up-
stream of the 40S ribosomal protein S15-2 was specifically
recovered subsequent to cross-linking of the protein to DNA
and precipitation of the DNA with the IgG purified from
anti-M3BP antisera (Fig. 8, top panel, anti-M3BP). As a neg-
ative control, we tested whether a region of noncoding DNA
lacking the M3 motif was present in the anti-M3BP precipi-
tated DNA and found that it was not (Fig. 8, bottom panel,
anti-M3BP). We also demonstrated that the promoter region
of the 40S ribosomal protein S15-2 was not nonspecifically
bound to the columns used to capture the immunoprecipitated
DNA by showing that it was not present when antiserum was
omitted from the immunoprecipitation (Fig. 8, top panel, no
antibody). These data clearly demonstrate that M3BP is capa-
ble of binding the M3 motif in vivo.
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FIG. 7. tM3BP specifically recognizes the motif 3 element in vitro.
(A) Mobility shift assays using labeled M3-1 wild-type and mutant
probes, as indicated, with either 20 pg crude NE or 20 ng of rM3BP;
(B) mobility shift assays using labeled M3-2 wild-type probe with either
NE or rM3BP; (C) cold competition mobility shift assays using differ-
ent wild-type labeled M3 probes (M3-1, M3-2, and M3-3), as indicated,
and 100X molar excess of unlabeled wild-type (lanes 3, 7, and 11) or
mutant M3-1 (lanes 4 to 6, 8 to 11, and 12 to 14) probes. Lane 1, M3-1
probe alone; lane 2, M3-1 probe plus rM3BP without cold probe. The
sequences of all probes are shown in Fig. 6C.
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40S Ribosomal
Protein S15-2

Non-coding DNA

FIG. 8. Endogenous M3BP binding to motif 3 in vivo. Chromatin
immunoprecipitation analyses were performed using an IgG fraction
purified from anti-M3BP antisera to precipitate DNA-protein com-
plexes, followed by PCR using primers upstream and downstream of
the M3 motif in the 40S ribosomal protein S15-2 gene (top panel) or
primers corresponding to noncoding DNA (bottom panel). The DNA
used for PCR is indicated above each lane. gDNA, genomic DNA
purified from 7. vaginalis; no antibody, DNA recovered from protein
A columns that do not contain the anti-M3BP IgG; anti-M3BP, DNA
recovered from anti-M3BP IgG protein A columns; input, sheared
DNA prior to incubation with protein A columns.

DISCUSSION

Little is known about the core promoters that are required
to direct transcription of genes in evolutionarily diverse uni-
cellular protists such as 7. vaginalis. Prior to the work reported
here, the only core promoter element known to function in 7.
vaginalis was the Inr element, which is remarkably similar to
the metazoan Inr, although initiation of transcription from
these related motifs is regulated by unrelated proteins in
trichomonads (42, 56) and metazoans (23, 32).

Here, we have identified 2 novel core promoter elements by
searching a nonredundant data set of 5" UTRs composed of
expressed T. vaginalis genes for overrepresented DNA motifs.
In addition to detecting the previously described Inr (41), M3
and M5 were identified. Although the parameters of our orig-
inal search did not detect a third promoter motif, we did
identify an additional motif during our analyses of the TSSs
from target promoters. This third motif, GG(T/C)(T/C), is
preferentially located upstream of the M5 motif. Mutational
and functional analyses of these elements demonstrate that
they have the properties of core promoter elements: each is
present in multiple genes located a fixed distance relative to
the TSS, and mutation of the elements reduces transcriptional
activity and/or alters TSS selection.

Approximately 92% of the 5" UTRs examined in this study
contain an M3 [(A/G/T)(A/G)C(G/C)G(T/C)T(T/A/G)], M5
(CCTTT), or Inr [(T/C/A)(C/T)A ., (T/C/A)(T/A)] motif, ei-
ther singularly or in combination. The majority of these (82%)
contained only an Inr, consistent with previous predictions (7)
that most 7. vaginalis protein-coding genes utilize the Inr to
direct transcription initiation. Interestingly, the methods ap-
plied in this study indicated that only 4% of 5" UTRs contain-
ing an Inr motif also contained an M3 element, and no addi-
tional potential core promoter elements were identified in
these UTRs. Similarly, the M5 motif also appears to be capable
of functioning independently of M3 or any other detectable
core promoter, as ~32% of the 5" UTRs examined that con-
tain an M5 motif appear to have no other conserved promoter
motif. In contrast, roughly 90% of genes that contain the M3
motif also have either an M5 or Inr motif upstream of the

CORE PROMOTERS IN TRICHOMONAS VAGINALIS 1455

translation start site, indicating that M3 functions almost ex-
clusively in synergy with one of these 2 initiator elements.

M3 and M5 do not fit the consensus sequence of any known
eukaryotic core promoter element of protein-coding genes.
The M5 motif (CCTTT) was shown to be an alternative initi-
ator element, as it surrounds and contains the TSS. It is located
almost exclusively 5 to 15 bp upstream of the translation start
codon ATG, the predominant position of the Inr (41, 54). M5
and Inr appear to be mutually exclusive; protein-coding genes
use either one or the other of these elements to mark the TSS.
Interestingly, the M5 consensus sequence, CCTTT, mostly pre-
cedes ribosomal protein genes. It is unclear why an alternative
initiator element such as M5 would have evolved as a core
promoter specific to a single family of genes. An expanded
family of 422 genes encodes ribosomal proteins in T. vaginalis,
making it possible that the large number of genes together with
the vital importance of translation led to the selection of an
exclusive core promoter for this class of genes.

The M3 motif, which primarily resides at a fixed distance
upstream of either an M5 or an Inr motif, plays a critical role
in directing the TSS to the second C of the M5 motif. Mutation
of the M3 element by altering either its sequence composition
or its distance relative to M5 all but abolishes transcription in
promoters that contain both an M3 and an M5. M3 was also
shown to work synergistically to direct transcription initiating
in the Inr; however, mutations within M3 do not abolish Inr-
driven transcription, as the Inr is capable of directing transcrip-
tion independent of M3, albeit at lower levels.

It is notable that Cong et al. have identified by bioinformatic
analyses the presence of a conserved motif upstream of 7.
vaginalis histone genes which is the inverse of the M3 motif
(11). This suggests that M3 (and their motif, which was re-
ferred to as motif 2) may function in either orientation. Most
genes appear to use the M3-M5 and M3-Inr orientation de-
scribed here, while the histone gene family (72 genes) may
utilize M3 in a reverse orientation.

The TSS of the M5 motif is also unusual, as transcription
initiates at a cytosine [CC,)TTT] instead of a canonical pu-
rine (Pu). Eukaryotic TSSs typically contain a dinucleotide
Py-Pu, ), as found in the T. vaginalis Inr element, (T/C/A)C
A n)N(T/A) (8, 32, 41). This Py-Pu dinucleotide has been
shown to act as a stronger promoter and to be preferred over
a Py-Py start site in a classic Inr (8, 41). The mechanism by
which a C is selected as the TSS in M5 is yet to be determined.

With the exception of MTE and XCPE2, all known meta-
zoan core promoter elements could be found in the 60 bp
immediately upstream of 7. vaginalis protein-coding genes
when a direct search for these elements was conducted. How-
ever, the detected motifs are present at a frequency greater
than that predicted by random chance, and none of them,
besides the Inr, had strong positional conservation within the
T. vaginalis 5" UTRs. These data indicate that, with the excep-
tion of the Inr, metazoan core promoter elements are not used
by T. vaginalis. This is somewhat unexpected, as most of the
core transcription factors of the metazoan PIC, such as TFIIB,
the majority of TAFs that comprise the TFIID complex,
TFIIE, and all but one subunit of RNA polymerase II, are
encoded in the T. vaginalis genome (7). It should be noted,
however, that our data do not preclude the possibility that a
subset of promoters may use one or more of the previously
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described metazoan core promoter elements to direct tran-
scription initiation. Alternatively, the conserved PIC proteins
may function to drive transcription from either the 7. vaginalis
Inr or M5 promoter, interacting either directly or indirectly
with IBP39 (36, 42, 56) and/or M3BP, discussed below.

The M3 consensus sequence, (A/G/T)(A/G)C(G/C)G(T/C)
T(T/A/G), strongly resembles the classic eukaryotic MRE,
Py-AAC(T/G)G, which is found in distal promoter regions of
genes in a broad range of eukaryotes and acts to regulate an
array of developmental processes (19, 30, 49). For example, in
humans, the MRE is recognized by a family of Myb proteins
(c-Myb, A-Myb, and B-Myb) that regulate processes such as
hematopoiesis and spermatogenesis (38, 49). MRE sequences
in plants are involved in regulating multiple processes, includ-
ing embryogenesis, flower morphology, light responsiveness,
and response to mechanical damage (17, 44, 45). MREs have
also been described in parasitic protists to function as distal
promoter elements. The transcription of several encystation-
specific genes of Giardia lamblia is regulated by a MRE, lo-
cated 18 to 40 bp upstream of the TSSs (62). The Entamoeba
histolytica Myb-dr (EhMyb-dr) protein, which recognizes a C-
rich upstream motif, also regulates genes preferentially ex-
pressed during E. histolytica encystation (13). Within the T.
vaginalis genome, the distal promoter of the malic enzyme
gene contains two divergent MRE sequences, MRE-1/MRE-2r
(TAACGATA) and MRE-2f (TATCGT), recognized by three
Myb proteins, Mybl, Myb2, and Myb3 (28, 51). Similar to
MRE motifs in other eukaryotes, 7. vaginalis MRE-1
(TvMRE-1)/MRE-2r are involved in regulating transcription
in response to environmental conditions (specifically, iron con-
centration). However, TVMRE-1/MRE-2r do not contain the
classic eukaryotic MRE core motif, CNGTT.

Demonstrating that an MRE-like element can function as a
core promoter element preceding protein-coding genes, as
shown here for M3, shows that it represents a novel function
for the MRE. It is notable that the location of the M3 element
relative to the TSS and its apparent role in selecting the TSS
make it analogous to the TATA box (8, 53), a common eu-
karyotic core promoter element that 7. vaginalis does not ap-
pear to use. These observations support the proposal that the
M3 motif has replaced the TATA box in this lineage of diver-
gent eukaryotes.

The T. vaginalis transcription factor that specifically recog-
nizes the M3 promoter was identified using DNA affinity chro-
matography. This protein, called M3BP, was shown to directly
interact with the M3 motif both in vitro and in vivo. M3BP has
a novel N terminus that bears no resemblance to any known
protein; however, it contains an R2-R3 Myb DNA binding
domain at its C terminus. The ~20.5-kDa M3BP is ~23 to 30%
identical and 35 to 43% similar to 7. vaginalis Myb1, Myb2, and
Myb3 (28, 51), with the only significant similarity being found
in the R2-R3 Myb domains. Although there are ~480 Myb-like
proteins encoded in the 7. vaginalis genome, M3BP was the
only Myb-like protein identified using sequence-specific DNA
affinity chromatography. Perhaps the unique N terminus of
M3BP distinguishes it from other Myb-like proteins, thus al-
lowing it to specifically recognize M3. It is also possible that
other T. vaginalis Myb-like proteins recognize M3 with various
affinities, which did not lead to their detection, as multiple
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proteins are thought to interact with core promoter elements,
such as the metazoan Inr element and TATA box (4, 6, 26).
M3BP is the first Myb-like protein implicated in directing
basal transcription of protein-coding genes. Another Myb-like
protein, SNAP190, has been shown to interact with the RNA
polymerase II and RNA polymerase III transcription machin-
ery that transcribes the human U1-U5 and U6 small nuclear
RNA (snRNA) genes, respectively. These genes contain a
proximal sequence element (PSE) that is sufficient to direct
basal transcription (59) and that SNAP190 directly contacts
(27,29, 71). M3BP and SNAP190 have no significant sequence
similarities other than at the Myb domains, and BLAST anal-
yses do not indicate these proteins to be homologous. Further
studies will be required to determine whether M3BP interacts
directly with components of the RNA polymerase II preinitia-
tion complex. It appears that overexpression of M3BP in T.
vaginalis is lethal, as numerous attempts to obtain transfectants
expressing this protein, using vectors and protocols that allow
the overexpression of many other 7. vaginalis genes, failed.
The identification of novel core promoter elements in this
divergent eukaryote implies the presence of potentially novel
mechanisms underlying gene expression. Characterization of
additional T. vaginalis proteins that may direct basal-level tran-
scription through interactions with these elements should
broaden our understanding of the varied mechanisms that con-
trol gene expression in eukaryotes, as instructed through the
composition and architecture of the core promoter.
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